The aim of this paper is to compare the validity of six recent symmetric mapping functions. The mapping function models the elevation angle dependence of the tropospheric delay. Niell Mapping Function (NMF), Vienna Mapping Function (VMF1), University of New Brunswick-VMF1 (UNB-VMF1) mapping functions, Global Mapping Function (GMF) and Global Pressure and Temperature (GPT2)/GMF are evaluated by using ray tracing through 25 radiosonde stations covering different climatic regions in one year. The ray-traced measurements are regarded as "ground truth". The ray-tracing approach is performed for diverse elevation angle starting at 5 o to 15 o . The results for both hydrostatic and non-hydrostatic components of mapping functions support the efficiency of online-mapping functions. The latitudinal dependence of standard deviation for 5 o is also demonstrated. Although all the tested mapping functions can provide satisfactory results when used for elevation angles above 15 o , for high precision geodetic measurements, it is highly recommended that the online-mapping functions (UNBs and VMF1) be used. The results suggest that UNB models, like VMF have strengths and weaknesses and do not stand out as being consistently better or worse than the VMF1. The GPT2/GMF provided better accuracy than GMF and NMF. Since all of them do not require site specific data; therefore GPT2/GMF can be useful as regards its ease of use.
INTRODUCTION
Radiometric space geodesy systems such GPS, Very Long Baseline Interferometry (VLBI) and InSAR technique are complicated by Earth's troposphere. Since the effect of the troposphere on radiometric signals does not depend on frequency, dealing with the troposphere delay is problematic, requiring some models and techniques to mitigate it. Researchers have taken advantage of radiosonde observation in order to measure main atmosphere parameters having an impact on the delay (Mendez, 1999) ; in addition, Numerical Weather Models (NWM) provides 4-D (both space and time) state of atmosphere parameters that are an attractive source of data for tropospheric delay mitigation and climate monitoring. The common separation of the path delay is into a hydrostatic and non-hydrostatic (wet) (Davis et al., 1985) . Since the hydrostatic delay is directly linked to total pressure, it can conveniently be removed by surface pressure at a site (Saastamoinen, 1973) . Although there are a lot of models (e.g. Chao, 1971; Callahan, 1973; Berman, 1976; Baby et al., 1988) to relate some surface measurements to wet delay, no significant correlation was found (Mendez, 1999) . However, it is feasible to estimate wet delay using a GPS station (PPP strategy) or a network solution; the delay is assumed constant for a given time interval; afterwards estimating its value as part of the overall least square inversion (the "deterministic" approach) (Bevis et al., 1992) . The main condition that we should take into account is that the systems measure a path in out of zenith angle. The tropospheric delay is shortest in zenith direction and will become larger with increasing zenith angle. Projection of zenith path delays into slant direction is performed by application of a mapping function. The mapping functions that are independent of the azimuth of the observation have been calculated for the hydrostatic and the non-hydrostatic component separately by fitting coefficients of a continued fraction form (Marini, 1972) to ray-traced measurements performed through radiosonde data or numerical weather models. In the last decade, the recent mapping functions (both hydrostatic and non-hydrostatic) have not been separated clearly; the need of a new separation is required due to the way of use. The recent mapping function can be distributed mainly in two major groups. First, a group of mapping function is based on raytracing through monthly mean profiles or standard profiles including NMF (Niell, 1996) , GMF (Boehm, J. et al., 2006a) and GPT2/GMF (Lagler et al., 2013) . They do not need any additional data as an input. The second group is constituted by mapping function based on raytracing through Numerical Weather Models online, consisting of VMF1 (Boehm, J. et al., 2006b ), UNB-CMC and UNB-NCEP (Marcelo C. Santos, 2012) ; therefore some information are needed to be downloaded. A wide variety of mapping function before 1996 has been tested by (Mendez, 1999) . For both hydrostatic and non-hydrostatic mapping functions, it was concluded that NMF performed the best accuracy when compared to 32,467 ray-traced measurements through 50 radiosonde stations at diverse elevation angles. It is a common practice to evaluate the mapping functions in respect to station height parameter, since the delay is absorbed mainly by the height domain. VMF1 was compared to NMF in global GPS analysis and an average relative improvement (about 6%) was achieved (Boehm et al., 2007) .
The next section represents a ray tracing method that was carried out to evaluate the performance of the mapping functions. Section two describes the used data that consist of 25 radiosonde measurements over entire globe and procedure for analyzing the mapping functions. Section three represents the results and finally, conclusion and recommendation are represented in the final section.
RAY TRACING
According to the American Meteorological Society's Glossary of Meteorology (AMS, 2007) , ray tracing can be defined as:
"a graphical or mathematical approximation scheme for determining the propagation of electromagnetic or sound waves by following the path of rays obeying the laws of reflection and refraction."
In order to trace a ray in a direction other than zenith, one requires the slant distance that the ray travels in each layer of refractivity. Therefore with exact knowledge of refractivity profile along the whole ray path, the delay can be computed. In General, the propagation delay can be deduced from the 3-D Eikonal equation (Paris, D. T., and F. K. Hurd, 1969) . In order to solve the Eikonal equation, three gradient components of the refractive index must be provided: (in spherical coordinate system ሺ‫ݎ‬ǡ ߮ǡ ߣ)). The outputs of the partial differential equation are the coordinates of the points along the trajectory of the signal. Consequently by combining these coordinates and refractivity information, the total delay for our observation is measured. However based on the assumption of symmetric atmosphere (or horizontally stratified atmosphere, where డሺǡఝǡఒሻ డఒ ǡ డሺǡఝǡఒሻ డఝ ൌ Ͳ) the Eikonal equation can be simplified to a horizontal stratified approximation model (Thayer, G. D., 1967) . In this case, we assume that the ray does not leave the plane of constant azimuth. With this assumption we can also perform the highly simplified ray-tracing by continuously computing the refracted ray-pieces by following Snell's law called "Piece-Wise Linear Propagation" (Hobiger et al., 2008) . According to (Hobiger et al., 2008) there is hardly difference between Thayer approximation and Piece-Wise Linear Propagation at 5 o elevation angle (less than 1mm), particularly for moderate to calm weather; consequently, in case of using radiosonde observations, which are 1-D measurements, it would be more practical to utilize the ray-pieces method.
In order to describe the ray-tracing system (Boehm, 2004) implemented in this work, we can distinguish three properties:
Inputs:
x Radiosonde measurements providing basic metrological parameters in order to calculate the refractivity. x Geographic coordinate of the stations (including altitude) and time of observation (typically modified Julian date in order to calculate the mentioned coefficient with reference date of Niell's calculations) x Elevation angle x Size of increments of interpolation Ray-tracing method Assume that the hydrostatic and non-hydrostatic refractivities have been already determined from station elevation up to 100km. The distances from the center of Earth to an observation can be computed by:
(1) Where ݄ is the height of ith level and ‫ݎ‬ is the radius of the Earth that can be given by:
where a and e denote the semi major axis and the eccentricity of the WGS84 reference ellipsoid, respectively. For starting point, the initial elevation angle e1 is known, according to figure1 we get:
The distance between first and second point can be measured with:
The coordinates of P1 and P2 are:
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The corresponding angles at the geocenter are:
by applying Snell's law the angles ߠ ଶ and e2 at the point P2 can be computed:
For the next points we can measure all above parameters into a loop running from 2 to (k-1): Figure 1 . The schematic of the ray-tracing method (Boehm, 2004) Outputs By using the equations above, all incremental distances s i between the points and the final elevation angle called "outgoing elevation angle" are known. In the case of all geodetic techniques and mentioned mapping functions, the true elevation angle which is the angle between the radial vector local tangent plane and the straight line between the station and the source (satellite/radio) is used. Since the ray has been complicated by so-called "ray-bending effect", the outgoing elevation angle is not the same as the true elevation angle (see figure2). Therefore the initial elevation angle is needed to be increased a bit more and subsequently the outgoing elevation angle has to be compared to. This implies that any ray-tracing system should be iterated until a defined threshold is reached. A prior empirical model proposed by (Hobiger et al., 2008 ) is used in this work that its aim is reducing the number of iteration.
Figure 2. the difference between true elevation angle and intial elevation angle
The hydrostatic and non-hydrostatic delays along the bended ray can be measure by:
as mentioned before, the second term of the delay is geometric delay due to bending that can determined by:
The above term is usually added to the hydrostatic component.
METHODOLOGY AND USED DATA
The evaluation of the symmetric mapping functions by ray-traced measurements needs the Earth's atmosphere to be divided into series of thin concentric spherical shells, within which a constant refractivity is assumed. In order to obtain the refractivity profile, 25 radiosonde stations have been selected in this work. Radiosonde measures pressure, temperature and relative humidity from the surface up to typically 30km two times a day. Radiosonde instruments are produced by different manufactures and sensors; consequently they have different accuracy and top-height. As a result of magnificent improvement in sensors performance, the measurement errors maintained for modern radiosonde are usually small and have minimum accuracy as listed in (FMH, 1997):
Table1. The minimum accuracy of radiosonde observations (FMH, 1997).
Variable Accuracy
Temperature 0.5 o C
Relative Humidity 5% Pressure 1.0 hPa (P>300 hPa)
1.5 hPa (50 hPa<P 300 hPa)
1.0 hPa (P 50 hPa)
It is necessary to determine how sensitive Zenith Hydrostatic Delay (ZHD) and Zenith Wet Delay (ZWD) are to errors in the value of radiosonde measurements. Sensitivity may then be measured by monitoring errors in the outputs which means by partial derivatives and applying the error propagation law (with neglecting correlation among parameters).
There are three steps for obtaining the refractivity shells from radiosonde measurements: firstly, the relative humidity must be converted to water vapor pressure that is an input for the determination of refractivity; secondly, each profile has to be interpolated between the measured levels by the instrument and extrapolated beyond the last observed height. The final step is the calculation of both hydrostatic and non-hydrostatic components of refractivity. In order to convert the relative humidity to water vapor pressure, the following equation can be used (Mendez, 1999) :
Where U is the relative humidity, P is the total pressure and ݁ ᇱ ௦௪ is the saturation vapor pressure of moist air.
In fact, the saturation pressure of water vapor in moist air is not same as the saturation pressure of pure water vapor. The ratio of saturation vapor pressure of moist air to that pure water is called the enhancement factor, ݂ ௪ . For high-accuracy application, a model is used (Buck, A.L, 1981) . Therefore the saturation vapor pressure of moist air can be obtained by:
In order to compute the saturation vapor pressure over both surface of water and ice, a large selection of formulae is available. In (Mendez, 1999) 
were assumed errorless. The accuracy of a mapping function can be evaluated in terms of bias(į), standard deviation(ı) and total error(Ȗ). The bias is the difference of the values given by the mapping function and the ray-traced values. In order to rank the mapping functions, the total error is defined as:
The mapping functions errors (particulary standrad deviation) can be compared in different latitudes; therefore the latituidal dependence of the error will be investigated.
The investigation of water vapor variability is needed to be done in order to interpret the latitudinal dependence of the non-hydrostatic errors. Precipitation Water Vapor ( 
RESULTS AND DISCUSSION
There have been number of investigations on radiosonde error on zenith delay and the proficiency of mentioned mapping function using ray-tarced measurments. Using propogation error law and radiosonde accuracy listed in table1, the effect of radiosonde error on both ZHD and ZWD are calculated at Davenport station, located along the Mississippi River (figure 6) for one-year observartion. The propogated errors of ZWD increase when the delay is great, particularly in summer when water vapor is expected to have high values. No such condition can be seen in ZHD. Both errors may only have sub-milimeters level effect on both ZHD and ZWD, although it can change for different locations. The results show that ray-traying through radiosonde measurements is satisfactorily reliable. Since the mapping functions have been separated to hydrostatic and non-hydrostatic component, the analysis follows the same separation. The mapping functions accuracy in lower elevation angle is more distinguishable; therefore only the bias and standard deviation of the differences at 5 o elevation angle for hydrostatic component are listed: Although the mapping functions biases are approximately in consistent well with the radiosonde and with each other, the standard deviation obviously increases in high latitude regions. Since the most prominent pressure deviations are associated with the high latitude regions specifically, Arctic and Polar, which are the regions of most intensive cyclonic activity, the seasonal and monthly generic models are not able to simulate those high frequency variations. Consequently, the mapping functions that only depend on day of the year and station coordinate have greater standard deviation in high latitudes (see figure 7) . The figure shows the total error of the mapping functions in high elevation angle is very small (0.2% in respect to nominal zenith error: 2.3m); however by decreasing the elevation angle, the differences will be highlighted. At any elevation angles, VMF1 shows the best accuracy (1.5% at 5 elevation angle). If we merely consider NMF, GMF and GPT2/GMF which require no extra data, we can conclude that GPT2/GMF is the best independent on-line data for mapping hydrostatic component. The first reason for this result is that NMF used mean values of the North America however was applied over entire globe. Therefore local assumption of NMF could not be valid for the globe. The second reason is that spherical harmonic model used in the GMF and modification considered in GPT2 are able to model hydrostatic variation more efficiently than a simple sinusoidal model. Therefore, as regards the ease of use, GPT2/GMF is the best choice. There is hardly any difference between online mapping functions; each of them outperforms others' accuracy in different locations. The plot at the left of figure4 demonstrates that the annually averaged maximum PWV occures just north of the equator. The maximum PWV values concentrates just north of the equator are called the Intertropical Convergence Zone (ITCZ) and the southest of the west Pacific warm pool is called the South Pacific Convergence Zone (SPCZ). The lowest values can be found in the high latitdes. Both magnitude of PWV and its variation (i.e. standard deviation) play an important role to interpret the latitudinal dependence of non-hydrostatic error. According to figure 5 , the great variations of non-hydrosatic standard deviation would be expected in just near of equator. This is in coincinent with resultant standard deviation retrived from ray-traced measurments (see figure 9 ). The results for non-hydrostatic components also supports the efficiency of online mapping functions; particularly, UNB-CMC shows only 4% error in respect to nominal zenith delay (25 cm) at 5 o elevation angle.
CONCLUSION
Based on the comparisons of six recent mapping functions and ray-traced measurements through 25 radiosonde stations, a number of conclusions can be drawn. Firstly, NMF is outdated because it has high total error at low elevation angles by relative to the GMF and GPT2/GMF that also do not require site specific data. Secondly, the NMF deficiency may be due to the fact that its functional formulation is only based on U.S. standard atmosphere data. Thirdly, GPT2 has been shown to improve upon the original atmospheric model used for the GMF. Although all the tested mapping functions can provide satisfactory results when used for elevation angles above 15, for high precision geodetic measurements, it is highly recommended that the on-line mapping functions be used. In general, the results indicate that the agreement of the UNBs models with the bias and standard deviation is not consistently better or worse than that of the VMF1. As seen before, the performance of any proposed mapping function strongly depends on which Numerical Weather Model (NWM) is used. Therefore introducing and analyzing coming mapping functions could be developed with further studies including: 1) utilizing new NWM with high spatial resolution for measuring new coefficients; 2) evaluation of mapping function by using InSAR technique aimed by cone reflector with known precise coordinate; 3) assessment of other regression formula in order to model the time variations of the coefficients.
